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Low energy ion scattering spectroscopy (LEIS) and Auger electron spectroscopy CAES) were performed on sputtered acid UHV 
annealed polycrystalline Pt-Ru bulk alloys o ver the entire compositional range. LEIS spectra were acquired with an estimated 
Sputter damage of less inan OS%> of a monolayer by employing 4 He* ions with an energy of 2 keV and a current density of 20 
nA/cm 2 . The partial overlap of the scattering peaks of Pt and Ru made it necessary to devise a method to numerically fit the data. 

LEIS Showed that sputter-cleaning with 0.5 keV Ar* ions at 63' incidence does not effect any preferential sputtering. 
Annealing at 800°C in UHV causes a strong surface enrichment in Pt for equilibrated Pt-Ru alloys. The alloy with a hep bulk 
lattice (9.5 at% Pt) exhibited a larger segregation than the fee alloys < > 35 at% Pt), which we rationalized with the lattice mismatch 
between the bulk and the surface face structure, resulting in a loosely packed surface. Second-layer compositions of annealed 
specimens were extracted from AES and LEIS data, utilizing a calibration method based on Auger signals of the continuously 
sputtered surface. A smooth decay of the enriched outermost layer composition towards the bulk composition was assessed. The 
platinum surface enrichment of annealed bulk alloys was contrasted with the segregation observed for bimetallic supported clusters 
of Pt and Ru. Ideal solution thermodynamics, utilizing surface free energy data and molar surface area data from the literature, 
was able to predict the measured segregation for the UHV annealed bulk alloys. 



1. Introduction 

Thermodynamic modelling of surface enrich- 
ment has become progressively more refined (e.g. 
refs. [1-5]), as experimental methods have evolved 
to assess the composition of the outermost sur- 
face layers in contrast to the bulk, composition of 
homogeneous alloys. This outermost surface layer 
composition was soon recognized to be an impor- 
tant factor in determining the activity of alloy 
catalysts in gas-phase catalysis [6] as well as in 
electrocatalysis [71 Auger electron spectroscopy 
(AES) was one of the first methods applied to the 
study of surface enrichment phenomena. To 
quantify Auger signals in terms of atomic per- 
cent, calibration spectra are usually taken on 
elemental standards and in order to account for 
significant matrix effects in electron backscatter- 
ing, in-situ fracturing of alloys in ultra-high vac- 
uum (UHV) has been employed [8], Rather long, 
and not easily measurable attenuation lengths of 



Auger electrons (several monolayers), however, 
still seriously hamper the quantitative analysis of 
AES data in terms of top-layer compositions [9], 
rendering angle- resolved AES an important part 
of signal quantification. The same problem, even 
more pronounced due to commonly larger atten- 
uation lengths applies to X-ray photoelectron 
spectroscopy (XPS). Low energy ion scattering 
spectroscopy (LEIS), discovered in its present 
form in the late sixties [10], overcomes the diffi- 
culties associated with the signal averaging over 
several atomic layers in AES and XPS. Experi- 
ments with monolayers of bromine on silicon [11] 
as well as many other adsorption studies have 
established the outstanding sensitivity in LEIS 
towards the outermost atomic layer. The large 
cross-section for neutralization of rare gas ions by 
itinerant electrons in metals is responsible for the 
excellent surface sensitivity of LEIS [12]. The 
energy loss due to the elastic scattering of low 
energy noble gas ions from a clean surface in 
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UHV can easily be measured with standard elec- 
trostatic ion /electron analyzers and is well de- 
scribed by the classical equations for the conser- 
vation of energy and momentum. 

The present study is aimed at assessing surface 
and near-surface concentrations of sputtered and 
anneaJed platinum-ruthenium alloys by means of 
AES and LEIS. These alloys are utilized in hy- 
drogenation catalysis and are also the most 
promising electrocatalysts in the anodic oxidation 
of methanol [13 J. Besides our interest in conjunc- 
tion with their catalytic activity, Pt-Ru is an alloy 
system which serves as an interesting test case for 
thermodynamic models of surface segregation due 
to the large difference in the heat of sublimation 
of platinum and ruthenium but very similar atomic 
radii [14,15]. 



2. Experimental procedures 

Five polycrystalline platinum-ruthenium bulk 
alloys and specimens of the pure elements were 
prepared in an arc-melting furnace under argon 
atmosphere from 99.95% pure materials (John- 
son Matthey), They were homogenized by at least 
10 melt cycles, followed by homogenization under 
vacuum at 1600°C for 24 h. All alloys were shown 
to consist of a single phase via X-ray diffraction 
and their chemical composition was verified by 
X-ray fluorescence spectroscopy (±0.5 at%), cali- 
brated with mixtures of platinum and ruthenium 
black powders (Johnson Matthey). The chemical 
composition and the lattice constants of the alloys 
employed in this study are listed in table 1. All 
alloy specimens were polished with emery paper 
and mirror-finished with a \ ptm diamond paste 
(Buehler); before introduction into the UHV they 
were ultrasonically cleaned in detergent, in pyro- 
distilled water, and in methanol. 

LEIS and AES data were collected in a PHI 
UHV system with a base pressure of 5 X 10" 10 
Torr, equipped with an angular-resolving double 
pass cylindrical mirror analyzer (DPCMA <P15- 
255GAR) with an electron source at its center 
axis. AES data were recorded in a derivative 
mode with a modulation width of 3 eV selected 
via a 020-805 analyzer control at an electron 



Tabic 1 

Prepared specimens: composition in at9fc based on X-ray 
fluorescence measurements, crystal structure and lattice pa- 
rameters for fee (a) and hep {a and c) lattices measured by 



X-ray diffraction 




%Pt 


Structure 




cCA) 


Pt 


100.0 


fee 


3.9231 




PtRu-3 


90.3 


fee 


3.9166 




PtRu-5 


70.2 


fee 


3.8907 




PtRu-4 


48.3 


fee 


3.8624 




PtRu-2 


39.4 


fee 


3.8486 




PtRu-6 


9.5 


hep 


2.7178 


4.3140 


Ru 


0.0 


hep 


2.7058 


4.2819 



beam energy of 3 keV; no angular resolved AES 
measurements were recorded. A digitally con- 
trolled <P32-1Q0 electron multiplier supply in 
combination with a 4>20-810 analyzer control and 
an IBM PC were employed for LEIS data acqui- 
sition. For the recording of both AES and LEIS 
data the DPCMA was operated in the constant 
retard ratio mode. Using the 90° slit in the angu- 
lar resolving drum of the DPCMA, the signal 
count rate could be maximized without compro- 
mising its resolution, requiring an acquisition time 
of only one minute per spectrum. A #04-303 A 
differentially pumped ion gun was used to raster 
a 2 keV 4 He"Mon beam over an area of approxi- 
mately 3 mm by 3 mm. Ion beam currents were 
measured at a positive bias of 95 V and were 
always less than 20 nA/cm 2 at a residual He 
pressure of 2 x 10~ 8 Torr in the UHV chamber. 
The angle of incidence (angle between the sur- 
face and the ion beam) of the 4 He + ions was 45° 
and the take-off angle was 87° to avoid shadowing 
effects; the average backscattering angle was 127°. 
A more detailed description of the employed 
instrumentation can be found in ref. [16]. Sam- 
ples were prepared in the UHV via cycles of 
sputtering with argon ions at an incidence angle 
of 63° and a beam energy of 0.5 keV, and of 
annealing at 800°C by means of a resistively 
heated tungsten filament. For some of the alloy 
specimens a more elaborate preparation method 
had to be devised in order to attain UHV an- 
nealed surfaces without surface active contami- 
nants (Cu, P and S). These specimens were sput- 
tered with 0.5 keV Ar + while being maintained 
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at a temperature of 900*0 over a period of sev- 
eral days; this cleaning procedure was successful 
with all samples. Prior to any sample analysis, all 
specimens introduced into UHV were sputter- 
cleaned (2 keV Ar + ) followed by annealing at 
800°C in UHV for 15 min in order to minimize 
possible effects of sputter etching, AES spectra 
from 40 to 540 eV were then recorded before 
each experiment to verify the absence of surface 
active contaminants. 



3, Results 

3.L LEIS measurements 

3.1 J. Calibration and signal deconvolution 

Calibration of the ion scattering signals was 
carried out on pure platinum and pure ruthenium 
at a total beam current of 100 nA and a He 
background pressure of 2 X 10~ a Torr, at room 
temperature. These LEIS signals were carefully 
maximized by moving the sample across the focal 
point of the analyzer and the beam current was 
measured at a sample bias of +95 V in order to 
suppress the emission of secondary electrons. The 
scattering peaks of Pt and Ru agreed to within 
±05% with the value predicted by the classical 
equation for elastic collisions [17]: 

gi 1 

E Q ~ [l + (M 2 /M x )] 2 

X (cos 6 + ^(M 2 /M t ) 2 - sin 2 0 (1) 

where M 1 and M 2 are the mass of the incident 
ion and the target atom, respectively, E 0 is the 
energy of the incoming ion beam, E x is the en- 
ergy of scattered He ions and 9 is the backseat* 
tering angle. For our experimental parameters 
the relative energy toss, E x /E 0 , for ion scattering 
from platinum and ruthenium is 0.936 and 0.881, 
respectively. To attain a more accurate agree- 
ment with eq. (1), one would need to consider 
that the average scattering angle of 127° in our 
experimental arrangement has a deviation of ± 6°, 
based on the use of the 90° slit in the angle 
resolving aperture of the DPCMA, 



In our LEIS experiments we have chosen 4 He 4 " 
ions because of their extremely low sputtering 
rates as compared to Ne + or Ar + ions (ap- 
proximately a factor of 20 [18,19]), ensuring us of 
a sputter damage of less than 0.5% of a mono- 
layer during data acquisition. However, with He + 
there is more overlap of the Pt and Ru scattering 
peaks than with the heavier gases. It was neces- 
sary to devise a method to numerically fit the 
LEIS signals of Pt and Ru to deconvolute the 
signals. Although several examples of LEIS peak 
fitting can be found in the literature, e.g. expo- 
nentially decaying tails [20,21], we have sought to 
develop our own fitting equation. This equation 
outlined in the following has the advantage over, 
e.g. the fitting with exponentially decaying tails 
that the initial input parameters are very well 
defined and easily extracted from a recorded 
spectrum, whereas it is rather tedious to establish 
initial guesses for the referenced fitting equations 
in the literature. Ion scattering signals with 4 He* 
ions in particular are characterized by a pro- 
nounced low energy tail due to inelastic losses to 
metal electrons [12X therefore we have based our 
model equation on the assumption that most of 
the inelastic losses occur by means of surface 
plasmon excitations. A free electron gas model 
can predict the energy of volume and surface 
plasmons [22] and numerical results for Pt and 
Ru volume plasmons are cited in the literature to 
be 30.2 and 28.5 eV, respectively [23]. Neither of 
the two metals is a good example of a free elec- 
tron material, but inelastic electron beam scatter- 
ing experiments (1 keV) in our laboratory have 
yielded values of the volume plasmons for Pt and 
Ru of 30 and 29 eV, respectively. Since LEIS 
signals originate from the outermost surface layer, 
surface plasmons rather than volume plasmons 
were used in our fitting. In the following, we have 
approximated the energy of surface plasmons for 
Pt-Ru alloys, <a R , with an average value of 20.8 
eV, corresponding to 1/^/2 times the value of 
the measured and averaged bulk plasmons. The 
expression to fit the measured LEIS spectra of Pt 
and Ru is then a summation of a main signal at 
the elastic peak position, E u and a decaying 
series of plasmon modes, all characterized by a 
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Gaussian profile: 



20 



xexp{ 



E-(E X - ia>J 



(2) 



where Y(E) is the measured ton yield at energy 
£T, c l is the overall signal amplitude, c 2 is the 
width of the Gaussian as determined mainly by 
the angular resolution of the analyzer (see eq. 
(1)), c 3 is the tail amplitude and c 4 is an addi- 
tional tail parameter. The limit on the index i 
was chosen to be sufficiently large as to extend 
over the entire energy range, E, where data were 
acquired. For spectra of pure Pt and pure Ru, a 
numerical least-squares fitting routine was uti- 
lized [24] to evaluate the parameters c l9 c 2P c 3 , c 4 
and E v Results of these fits are shown in fig. 1. 
The deviation between the numerical fit and the 
data at the high energy end of the respective 
spectra most likely derives from multiple scatter- 
ing events, which have not been considered, but 
whose effect is negligible for our purposes. JLEIS 
spectra on the alloys were then deconvoluted by 
fitting eq. (2) to the ion scattering data, with all 
parameters remaining fixed to their values as 
assessed above except for c x and E x for both 
metals and c 3 for platinum. The numerical values 
for E x did vary by approximately ±0.2%, based 
on the accurate positioning of the sample. Fig. 2 
shows a typical fit on an annealed alloy sample 
with a Pt surface composition of 91.8 ± 3 at%. 

Sensitivity factors, Sn/Ru, were derived from 
the fitted peak height ratios, H^/H^ extracted 
from YiE) (eq. (2)). Values of S^ /Ru for three 
independent experiments over the course of three 
months are shown in table 2, based on [25]: 



^Pl/Ru ~~ ( & Pt/^Ru) 



2 

Ru 



(3) 



where H^H^ is the intensity ratio measured 
for the pure elements and a Ru and a Pl are the 




1.0 



Fig. 1. 4 He + LEIS (2 keV) on pure Pt (a) and pure Ru (O) 
at a beam current of 15 nA/cm 2 . The beam was rastered over 
an area of 3 mm by 3 mm. The solid lines are least-squares fits 
according to eq. (2) in the text. 



lattice constants of the elements as listed in table 
1 (i.e. molar surface areas are approximated for a 
(111) surface). Their variance is significantly less 
than reported in a recent LEIS study on Pt-Cu 
alloys [25] and results in an average absolute 
error of ±2 at% in assigning atomic fractions to 
LBIS signals, according to: 

* Ih " e,J (4) 



-surf 
*Pt 



'Pl/Ru 



Spt/Ru + (^Pt/#Ro)exp 



Ackermans et al. [26] have reported a different 
method to attain sensitivity factors in LEIS analy- 
sis, based on absolute signal counts rather than 
intensity ratios. Since, however, we have worked 
with extremely low ion beam currents (~ 1 nA) in 
order to avoid sputtering effects, our beam cur- 
rent measurements were accurate only to within 
±30%, necessitating the use of intensity ratios. 

If, as is commonly assumed, matrix effects in 
LEIS signals are negligible, the ratio of the dif- 
ferential cross-sections of Pt and Ru should cor- 
respond to the ratio found in the above calibra- 
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Fig. 2. 4 He + LB1S (2 kcV) on an annealed Pt-Ru alloy 
(PtRu-5) at a beam current of 18 nA/cm 2 . The beam was 
rastered over an area of 3 mm by 3 mm: (o) raw data; 
( ) least-squares fit. 



tion, if the analyzer transmission function is ac- 
counted for. Differential cross-sections for LEIS 
can be calculated classically by assuming a poten- 
tial energy function for the colliding atoms, e.g. a 
screened Coulomb potential [27,28], For the pa- 
rameters in our experiment, we have calculated 
the ratio of differential cross-sections of Pt to Ru 
to be 136. By approximating the DPCMA trans- 
mission function for the constant retard ratio 
mode by a {E^ functionality, the LEIS sensitivity 
factor for Pt and Ru, £pt /Ru » is calculated to be 
1.41, which is very close to the measured values 
(see table 2). 



Table 2 

Sensitivity factors, £pt/R U » * or three independent experiments 
on Pt and Ru standards 6ee eq. (3)): 2 kcV 4 He* Ion beam, 
100.0 nA/cm 2 , room temperature, $ — 127* 









Average 5 rt/ftu 


1.52 


1.64 


1.38 


1.51 ±0.13 



Tabic 3 

Surface compositions <at%) of sputtered alloys (0.5 keV Ar*) 
as determined by LEIS for two independent sets of experi- 
ments, and AES peak-to-peak ratios based on Auger transi- 
tion energies as indicated by the subscripts 





_»urf 
x Pt 


(PWR"273>AES 




Data set 1 








PtRu-3 


94.4 


12.2 




PtRu-5 


67.5 


2.88 




PtRu-4 


54.4 


1.26 




PtRu-2 


44.5 


0.78 


60 


PtRu-6 


14.4 


0.105 


50 


Data set 2 








PtRu-3 


91.7 


12.2 




PtRu-5 


66.1 


3.11 




PtRu-4 


53.1 


1.24 




PtRu-2 


44.9 


0.81 


55 


PtRu-6 


133 


0.095 


65 



5.7.2. Surface composition of sputtered allays (0.5 
keVAr + ) 

It is well established that sputtering of bimetal- 
lic surfaces in UHV may produce surface enrich- 
ment in one of the components if the atomic 
sputtering yields (number of sputtered surface 
atoms per sputtering ion) are significantly differ- 
ent from each other (e.g., in the Cu-Ni system). 
In conjunction with our research on the electro- 
catalytic activity of sputtered Pt-Ru alloys to- 
wards the oxidation of methanol [29], we investi- 
gated here the relationship between bulk and 
surface concentration for sputter-cleaned Pt-Ru 
alloys. Alloy specimens were bombarded with 0.5 
keV Ar + ions at an angle of incidence of 63° and 
at a current density of approximately 10 fx A/cm 2 
for 15 mtn. Sputtering over longer periods of time 
did not affect the results of LEIS and AES exper- 
iments. The cleanliness of the prepared surfaces 
was verified via AES for each measurement in 
two independent sets, which are listed in table 3 
and summarized in tig. 3 and which exhibit excel- 
lent reproducibility. The amount of oxygen pre- 
sent on the two alloys with a high Ru bulk con- 
centration is estimated to be at most 10% of the 
Ru atomic fraction, as inferred from AES peak- 
to-peak ratios of Ru and oxygen [30]. No reduc- 
tion in ion scattering yields was observed in these 
cases. It is clear from fig. 3 that, under the above 
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Fig. 3. Pt surface and bulk compositions of sputtered Pt-Ru 
alloys as determined by LEIS. Sputtering conditions: 0.5 keV 
Ar + at 63* angle of incidence. 



conditions, surface and bulk composition of sput- 
tered Pt-Ru alloys are essentially identical within 
the accuracy of the measurement. Published data 
on the sputter yields of pure platinum and pure 
ruthenium at normal incidence of 0,5 keV Ar + 
ions [19] would predict a slight enrichment of Ru 
based on a sputter yield ratio of Pt to Ru of 1.3. 
Sputter yields at approximately 60° incidence, 
however, are up to 100% larger than those at 
normal incidence [31] and sputter yield ratios are 
expected to change significantly with the angle of 
incidence. 

3.L3. Surface compositions of annealed allays 
(800°C in UHV) 

After sputter-cleaning Pt-Ru alloys were an- 
nealed in UHV at 800°C for periods of 15 or 30 
min an<J data for two independent sets of experi- 
ments are listed in table 4. In studying the surface 
segregation of these alloys it was imperative to 
ascertain whether equilibrium was attained under 
the conditions of the experiment. Starting out 
with the equilibrium sputtered surface of one 
alloy sample (PtRu-6, which has the highest melt- 
ing point) at 25°C, we raised the temperature to 
800°C and recorded its surface composition at 
various times. Although the sensitivity factor, 



Table 4 

Surface compositions <at%) of annealed alloys (800°C) in 
UHV) as determined by LEIS for two independent sets of 
experiments, and AES peakHo-peak ratios based on Auger 
transition energies as Indicated by the subscripts 







(PI^/Ru^aes (Ru 273 /CWaes 


Data set J 






PtRu-3 


> 96 


26.7 


PtRu-5 


92.1 


6.18 


PtRu-4 


88.4 


3.66 


PtRu-2 


84.8 


2.46 


PlRu-6 


90.6 


0.98 


Data set 2 






PtRu-3 


>96 


30.9 


PtRu-5 


91.8 


6.45 


PtRu-4 


88.3 


3.36 


PtRu-2 


84.6 


2.54 


PtRu-6 


90.3 


0.96 



5 Pt/Ru , is based on room temperature measure- 
ments, it is not expected to significantly change 
with temperature (this assumption based on theo- 
retical considerations is confirmed in a study on 
Pt-Rh alloys by Beck et al. [32]). The experimen- 
tal data in fig. 4 verify the establishment of equi- 
librium within 10 min for the highest-melting 



|-^— annealing — >»[«g cooling -»-| 

6 *"° "°~ ~ P ' 

0.8 



0.6 



0.4 - 



0.0 



temperature; 

V 2S*C t sputtered 
□ 300 C 
O 800*C 



25 



30 



0 5 tO 15 20 
time [min.] 

Fig. 4. Surface composition of the PtRu-6 alloy sample as a 
function of annealing time at 800°C, and after sample cooling. 
Prior to this experiment the surface was sputtered with 0.5 
keV Ar + ions. The average surface compositon of the an- 
nealed and the sputtered alloy Is indicated by dashed lines. 
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alloy in our study. All other segregation measure- 
ments reported here were recorded after sample 
cooling to room temperature, at initial cooling 
rates of 2D0°C/min, reaching 500°C in less than 
two minutes. For temperatures below 500°C, the 
equilibration is very slow (> 1 h) and so the error 
introduced by cooling the samples prior to analy- 
sis was expected to be negligible, as confirmed by 
fig. 4. The slight increase in surface enrichment 
for the cooled sample is consistent with predic- 
tions of theoretical equilibrium models presented 
in a later section (4.2). 

The equilibrium surface compositions of four 
Pt-Ru alloys are plotted in fig. 5 together with 
theoretical predictions which will be discussed 
later. The surface enrichment in platinum is quite 
significant and does behave in a systematic fash- 
ion for the fee structure . alloys. The alloy with the 
largest platinum content (PtRu-3) yielded a sur- 
face composition above 96 at% and since we 
could not assign a more definite numerical value 
it is indicated by a plain error bar in fig. 5. 
Apparently different behavior is exhibited by the 
alloy with the hexagonal crystal structure (hep) at 




0.4 



0.2 - 



0.0 



bulk 
x pj 

Fifi. 5. Experimental data of Pt-Ru alloys annealed at 800*C 
in UHV (o). Thermodynamic monolayer model by StrobI and 

King [55] for different low-index planes: ( > foe (111) 

and hep (0001); ( ) fee (110) and hep Ol30); ( > 

fee (100) and hep (1010); ( ) diagonal; (\\\\\) indi- 
cates the two-phase region of the bulk alloy. 
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Fig. 6. Phase diagram of the platinum-ruthenium system 
(reproduced from J.M. Hutchinson (33)). 



a bulk composition of 9.5 at% platinum, where 
the platinum surface enrichment seems too large 
in comparison with the other alloy samples. Ac- 
cording to the bulk phase diagram of the plat- 
inum-ruthenium system (reproduced from 
Hutchinson [33D, fig. 6, the hep alloy (PtRu-6) 
reaches a surface composition which, in the bulk 
would correspond to a fee lattice. The additional 
driving force for segregation established by this 
crystal structure mismatch may be responsible for 
the very strong enrichment observed in this alloy. 
Embedded atom calculations for the Co-Ni sys- 
tem (Ni has an fee structure and Co crystallizes in 
an fee lattice) have predicted a very strong sur- 
face enrichment in Ni> although heats of sublima- 
tion and atomic radii of these two elements are 
very nearly identical [34]. This will be discussed in 
more detail in section 4.2, 

3.2. AES measurements 

In contrast to the outermost-layer information 
provided by UEIS> AES signals incorporate infor- 
mation from several atomic layers with a depth- 
distribution along the surface normal (z-axis) 
characterized by the mean free path of Auger 
electrons, \(E\ at energy E* Typical AES spec- 
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Fig. 7. AES spectra of PtRu-5 recorded in the derivative 
mode: ( ) annealed at 800°C in UHV; ( ) sput- 
tered with 0.5 keV Ar* ions. 



tra of an annealed and a sputtered Pt-Ru alloy 
are compared in fig. 7. The overall intensity is a 
well-defined function of the depth-distribution of 
the electron emitting element, N A (z\ the imping- 
ing electron beam current, / 0 , with energy E v , 
the roughness factor of the specimen, p, the 
Auger cross-section, cr(Zs p ), the matrix-depen- 
dent backscattering factor, R M , the transmission 
function of the analyzer, T(E), and the detector 
efficiency, D(£). The attenuation length of Auger 
electrons is defined by the product of their mean 
free path and the cosine of the angle of emission 
with respect to the surface normal, a. The mathe- 
matical description (e.g. see Riviere [17]) of an 
Auger signal from element A, / A , is then: 

'a = ^oP £r A<e p )^M 7 (£)A/E:>^ j ^^ Wa< 0 

xexpf — ) dz sin p p dp d<£, (5) 

\ A A cos a J 

where p is the acceptance angle of the analyzer 
(42.3° ± 6° for the DFCMA) and 4> is the rotation 
angle about the analyzer axis. For our experimen- 
tal set-up, with the sample being mounted at 45° 



with respect to the analyzer axis, cos a is defined 

as: 



cos a « -7=r(cos <f> sin p + cos p) . 
v2 



(6) 



Since neither Auger cross-sections nor back- 
scattering factors can be calculated from first 
principles with sufficient accuracy, signal calibra- 
tion is of essential importance in AES. The most 
accessible calibration method is based on elemen- 
tal standards while recording Auger peaks at 
different energies to attain depth-distribution in- 
formation [35]. Here it is crucial to reproduce 
precisely the sample alignment, electron beam 
current and surface roughness for each sample. A 
more cumbersome, yet very powerful procedure 
is the in-sttu fracturing of an alloy specimen in 
order to create a homogeneous distribution of its 
components along the x-axis [8]. In our experi- 
ments we have attempted to employ a very simi- 
lar calibration method based on the LEIS results 
on sputtered alloy surfaces (see section 3.1.2), 
which were shown to have identical bulk and 
surface concentrations within the accuracy of the 
measurement. Knowing that N ?l and N Ku are 
independent of z for sputtered alloys, eq. (5) 
simplifies to: 



fpx <7 Pt(g t> )^M(gp ! j :? (gp < ) £> (gp t ) A C£p t ) *Pi 



This may be rewritten as: 



pi 



(?) 



(8) 



Since the bulk atomic fractions are known, the 
Auger intensity ratios in table 3 will facilitate the 
evaluation of the calibration factor K, varying by 
approximately ±5% for each sample. The only 
matrix dependent variables in K are the 
backscattering factors, R M , and the electron mean 
free paths. The former characterizes the en- 
hancement of the impinging electron beam via 
elastic backscattering of high energy electrons 
( ~ j£ p ) and is to a very good approximation a 
function of the bulk matrix composition only [36]. 
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The inelastic mean free path of electrons is most 
commonly evaluated using the "universal curve" 
compiled by Sean and Dench [37]. Based mainly 
on overlayer experiments, a functional relation- 
ship between A and electron energy was estab- 
lished for the elements, ignoring matrix effects 
and resulting in a root mean square scatter factor 
of 1.59. Recent inelastic mean free path (IMFP) 
calculations [23] for electrons by means of optical 
data provide a more accurate assessment of the 
mean free path of electrons as it is applicable to 
AES experiments. From these calculations we 
have derived the IMFP at 64 eV kinetic energy 
(corrected for the work function of the analyzer) 
in platinum and ruthenium to be 4.34 and 4.33 A, 
respectively; the values at a kinetic energy of 273 
eV are 5.80 and 6.32 A, respectively. The matrix 
effect in the IMFP is quite small considering the 
precision claimed by Tamima et al. [23] and we 
have applied arithmetic averages at each electron 
energy for our calculations. The values at 273 eV 
are markedly lower than the prediction given by 
the "universal curve", significantly affecting AES 
model calculations. It should be noted that be- 
cause of the contribution of elastic electron scat- 
tering the IMFP should be considered as the 
upper limit for the electron mean free path [38]. 

UHV annealed Pt~Ru alloys exhibit a first 
layer composition strongly enriched in platinum, 
as evidenced by our ion scattering analysis. 
Therefore, the composition of near surface layers 
is a function of their position along the z-axis, 
expressed as N^z) in eq. (5), which may be 
integrated layer by layer: 



K 



f f cos a sin /3 d0 d<£ 
■V* 



+ E(*fc +t) -*») 



V/s \A Pl cos<*/ 



xcos a sin d/3 ddV 



r^i j j cos a sin & d)9 d<£ 



://exp (_iil_] 

Vp \a Ru cos«; 



xcos a sin /3 d/3 d<£ 



(9) 



Here, the mole fractions of platinum and ruthe- 
nium are expressed for each layer, i 0" « 1 is the 
outermost surface layer, i — •» refers to the bulk 
compositon), and the average distance between 
crystal planes of a polycrystalline specimen, d, 
derived from molar volumes is 2.34 A. Assuming 
the above values for the mean free paths of 
Auger electrons emitted from platinum (64 eV) 
and from ruthenium (273 eV, also see fig. 7) T the 
angular integrals in eq. (9) in conjunction with eq. 
(6) are easily evaluated by numerical integration. 
Thus, we find that 79% of the platinum Auger 
signal and 67% of the ruthenium Auger signal 
stem from the first and the second layer. Given 
the large signal contribution from the two outer- 
most atomic layers, we have extracted second 
layer compositions from our Auger data by fixing 
the first layer composition to the values found by 
LEIS (see table 4) and by assigning the sample's 
bulk composition from the third layer on. The 
latter assumption is based on the fact that nearly 
ideal solutions will approach bulk composition 
within a few atomic layers; that the Pt-Ru system 
behaves very closely to an ideal solution will be 
shown in section 4.2. Thus, eq, (9) simplifies to: 

- K[QA604x# + 0.2034(;c# - x#) 
+ 0.1008xff] 

X [0.4604*& + 0.2513(*g> -xfi>) 

+ 0.1492*82] "\ (10) 

where K> as discussed above is a constant evalu- 
ated for each alloy sample, depending on its bulk 
composition only. Second layer compositions of 
annealed alloys derived from eq. (10) are plotted 
together with the LEIS data in fig. 8. The error 
bars are based on the estimated accuracy of K 
i±S%\ the precision of Auger peak-to-peak in- 
tensities (±5% experimentally observed scatter), 
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Fig. 8. First and second layer platinum surface composition of 
annealed Pt-Ru alloys: (o) LEIS data; <□) second layer 
composition derived from AES; ( ) diagonal. 

the variation of the distance between different at 
planes (±15% for low index planes), and the 
uncertainty in the mean free paths of Auger 
electrons (±13%, ref, [23]). Fig. 8 indicates the 
second layer composition to still be significantly 
different from the bulk composition and our pre- 
vious assumption, viz. that the third layer would 
already be very close to the bulk compositon may 
not be correct. Nevertheless, the error introduced 
by this factor is expected to be small because the 
main contribution to the Auger signals does origi- 
nate from the first two atomic layers as outlined 
above. In principle, measuring Auger transitions 
at different energies, eq. (9) can be utilized to 
solve for more than two atomic layers (e.g. see 
ref. [351). Unfortunately, all other Pt and Ru 
Auger transitions beJow 1000 eV overlap and we 
did not use the high energy transition of platinum 
at 1967 eV [39] because of its long IMFP of 
approximately 20 A. 



4. Discussion 

4.2. Comparison with literature data 

The literature on surface segregation phenom- 
ena of Pt-Ru bulk alloys is very scarce and even 



for supported bimetallic clusters not much has 
been published. A photoemission study of Pt-Ru 
bulk alloys with up to 55 at% ruthenium was 
reported by Hilaire et at [40]. Its results, which 
show very little platinum surface enrichment, are 
in stark contrast to our data. A major error in 
attempting to quantify their measurements in 
terms of atomic percent, is their approach of 
plainly using sensitivity factors in their XPS (X-ray 
photoelectron spectroscopy) signal analysis. The 
inelastic mean free paths of Pt and Ru photoelec- 
trons (Al anode) are 17 A [23], and signals will be 
averaged over approximately 10 atomic layers, 
which clearly invalidates their assumption of at- 
taining first layer information without more re- 
fined signal processing or angle-resolved mea- 
surements. Ticanelli et al. [411 report ^Ne* ion 
scattering on a 50 at % Pt-Ru bulk alloy sub- 
jected to voltammetric cycling, but no attempt 
was made to quantify LJB1S signals. A recent 
time-of-flight (TOF) atom-probe analysis by 
Tsong et al. [42] investigated the (001) face of a 
Pt-Ru alloy (17.7 at% Ru), which had been an- 
nealed in UHV at 700°C for 15 min. The re- 
ported first layer platinum composition of ap- 
proximately 93 at% is in very good agreement 
with our findings (see fig. 5). In their study, the 
bulk composition is reached in the third layer, 
but the reported second layer composition (~ 
76%) would imply an oscillatory behavior which is 
at variance with our AES data analysis (see fig. 
8). However, it is very likely that 5 min at 70CPC 
were not sufficient to warrant the establishment 
of equilibrium over several atomic layers, so that 
their measurement would reflect a transient state 
rather than equilibrium. In support of this, we 
refer to fig. 4 which shows that equilibration even 
at 800°C requires approximately 5 min. Diffusivi- 
ties of solids change very drastically with temper- 
ature, e.g. the diffusivity of platinum id platinum 
at 700°C is more than a factor of 20 smaller than 
the value at 800°C [15], decreasing its diffusion 
length by a factor of 4.5, and so we believe that 
complete equilibration has not been achieved in 
this study by Tsong and coworkers. In an older 
study by the same author [43] "equilibration" of a 
Pt-Ru alloy had been carried out at 800°C for 15 
s and no segregation was observed. 
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Bimetallic supported catalysts are the very ba- 
sis of industrial catalysis. Very common support 
materials are, e.g., carbon, alumina and silica. 
Surface enrichment of Pt-Ru clusters on either 
alu mina or silica was investigated by Miura et al. 
[44]. Support materials were coimpregnated with 
Pt and Ru salts, reduced in hydrogen and an- 
nealed in vacuum at 450°C. All samples, over the 
entire compositional range exhibited surface en- 
richment of platinum as measured by 0 2 -CO 
surface titration (*~ 80% Pt for a 50% bulk com- 
position on both alumina and silica). For clusters 
diluted in one of the components, the authors 
Teport different behavior depending on the na- 
ture of the support, which they rationalize by 
metal-support interaction. It is stated that dis- 
persions (ratio of the number of surface atoms to 
the number of bulk atoms) of catalysts supported 
on silica are larger than of those supported on 
alumina, with the dispersion for bimetallics rang- 
ing from 17% to 60%. At high dispersion, a large 
fraction of the atoms in a particle (~ 10 to 25 A) 
are located on the surface and the internal com- 
position, i.e. "bulk composition", changes signifi- 
cantly if surface segregation occurs, necessarily 
leading to cherry-model like structures. Thus, one 
would expect large differences in the surface 
compositions of clusters on different substrates 
when there is a large variation in the dispersion. 
The dispersion of metals on supports is a strong 
function of the reducing conditions during cluster 
preparation, the nature of the metal precursors, 
and the substrate [45,46], and in our view it is the 
effect of the substrate on dispersion that is the 
cause of the difference in surface composition for 
Pt-Ru on silica versus alumina. In order to be 
able to compare platinum enrichment found in 
the supported clusters with that found here, the 
comparison should only be made at a sufficiently 
low dispersion and at sufficiently small surface 
enrichment such that segregation is not affecting 
a large fractional change in the cluster's bulk 
composition. Bulk and surface compositions of 
Pt-Ru clusters were reported by Miura et al. [44] 
and for samples for which the above conditions 
were satisfied the agreement with our data is 
excellent. 



4.2. Thermodynamic equilibrium model 

The first thermodynamic models to assess the 
compositonal difference between a surface mono- 
layer and the bulk of a binary ideal solution were 
developed by Butler [47] and Schuchowitzky 146], 
Guggenheim [49] extended their formalism to in- 
corporate regular solution behavior, but Defay et 
al. [50] proved this approach to be at variance 
with the Gibbs adsorption isotherm and showed 
that more than one surface layer was necessary to 
thermodynamically account for non-ideal solu- 
tions. The "quasichemicar approach [51] to 
model surface segregation is based on bpnd- 
breaking considerations and Williams et al. [1] 
have derived a formalism accounting for four 
surface layers. For non-ordering binary alloys they 
have shown the monolayer model to be sufficient, 
if ideal solution behavior is assumed. If, however, 
enthalpy of mixing data are utilized to approxi- 
mate regular solution behavior, the composition 
varies through more than one layer, in agreement 
with ref. [50], In either case, the extent of surface 
enrichment is strongly dependent on the exposed 
crystal face, vi2. the number of broken bonds at 
the surface. For ordering alloys, the entropy of 
mixing must be evaluated differently as was out- 
lined by van Santen et al. [52]. Effects of lattice 
strain due to different atomic radii of the compo- 
nents in a binary alloy were discussed by Wyn- 
blatt and Ku [53]. A monolayer model for binary 
transition metal alloys, incorporating surface free 
energies, enthalpies of mixing and at size differ- 
ences was proposed by Micdema [54]. More re- 
cently Strohl and King [55] have developed a 
thermodynamic multilayer, multi-component 
model applicable to non-random, non-regular so- 
lutions, provided the alloy's mixing properties are 
known. Besides these, the most important input 
parameters for both the thermodynamic and the 
bond-breaking models are surface free energies 
whose measurement is very difficult for solids and 
prone to large errors [2]. Therefore, Overbury et 
al. [3] devised a method for estimating these 
parameters from enthalpy of sublimation data 
(e.g. ref. [14]). Based on more refined thermody- 
namic considerations, Tyson and Miller [56] have 
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predicted temperature-dependent surface free 
energies for a large number of solid elements for 
which the surface tension of the liquid at the 
melting point was available. Their evaluations are 
based on estimating surface entropies and they 
were able to show very good agreement of extrap- 
olated surface free energies at 0 K with bond 
strengths assessed from enthalpies of sublimation 
at 0 K; a slightly different approach was taken by 
Mezey and Giber [57]. The variations in surface 
segregation calculations depending on both the 
selection of the model and on the parameters 
were investigated by Kelley [58]. A very recent 
development in the calculation of the thermody- 
namics of surface segregation is the embedded 
atom method. This mathematically quite elabo- 
rate treatment makes use of a Monte Carlo simu- 
lation method and is thus able to yield configura- 
tional distributions on an alloy surface rather 
than merely net surface compositions (e.g. ref, 
[34]). Excellent reviews of surface segregation 
modelling are provided in refs. [4,5]. 

In calculating the equilibrium surface composi- 
tion of annealed Pt-Ru alloys we have employed 
the thermodynamic model proposed by Strohl 
and King [55]. Surface free energies at 800°C 
were estimated according to ref. [56]; their nu- 
merical values for platinum and ruthenium are 
2.38 and 2.93 J/m 2 , respectively. Molar areas of 
both elements were evaluated from molar vol- 
umes and structure factors according to Tyson 
[59], and are summarized in table 5 for different 
low-index faces of fee and hep lattices. Surface 
areas for different crystal faces derived from lat~ 



TabJe 5 

Molar surface areas of platinum and ruthenium for different 
low- index surfaces of hep and fee structures (in m 2 /mol) 
(numerical values are based on structure factors 159] and 
molar volumes) 





Platinum 


Ruthenium 


fcc(lll) 


4.01 xlO 4 


3.75 X10 4 


fee (100) 


4.64 X10 4 


4.33 XlO 4 


fee (110) 


6.55 X10 4 


6. 12 XlO 4 


hep (0001) 


4,01 xlO 4 


3.75 xlO 4 


bcp(1120) 


6.55 X 10 4 


6.12X10 4 


hep (1010) 


7*58 XlO 4 


7.08 xlO 4 



tice parameters of pure platinum and pure ruthe- 
nium (see table 1) are identical to those based on 
molar volumes and structure factors. Enthalpy of 
mixing data has never been measured for the 
Pt-Ru system. A semi-quantitative estimate of 
the enthalpy of mixing for PtRu was given by 
Miedema [60] to be — 2 kJ/mol. His predictions 
for all binary transition metal alloys lie within a 
range of approximately ± 100 kJ/mol and he 
claims that values close to zero would imply the 
absence of intermetaliic phases and good misci- 
bility, which is congruent with the Pt-Ru phase 
diagram (see fig. 6). Miedema showed that large 
predicted values of the enthalpy of mixing agreed 
well with measurements, whereas values close to 
zero could not be assessed very precisely. For this 
reason and since the estimated enthalpy of mix- 
ing for our system is very small compared to the 
difference in molar surface free energies of plat- 
inum and ruthenium, we have decided to simu- 
late surface segregation with an ideal solution 
model. The extent to which Vegard's law is obeyed 
by the fee structure Pt-Ru alloys (see table 1) is 
indeed indicative of a closely ideal solution. 

With these assumptions, the equilibrium con- 
dition according to Strohl et al. does predict only 
the outermost layer composition, x$l and xQ, to 
be different from the bulk composition, anc * 




where A^ 1} and represent molar and partial 
molar areas of Pt and Ru, and y (l) and yf l) are 
the outermost layer surface free energy and the 
pure component's surface free energy, respec- 
tively. Partial molar areas may be evaluated from 
the change of lattice parameters with alloy com- 
position, thereby accounting for lattice strain ef- 
fects. Using the data in table 1 we found the 
maximum deviation of partial molar areas from 
molar areas to be approximately 5%. Considering 
the vastly varying molar areas for different sur- 



PACE 20/22 * RCVD AT 1/2/2008 2:11:38 PM [Eastern Standard Time) * SVR:USPTO-EFXRF«6/35 * DNIS:2738300 • CSID:613 652 6082 * DURATION (mm-ss):06*56 



01/02/2008 WED 13:18 PAX 613 952 6082 NRC-IPSO 



0021/022 



HJL Gasteiger et aL / LEIS andAES on sputtered and annealed pofycrystaltine Pt-Ru bulk alloys 



face faces (see table 5), we decided to neglect 
differences between partial molar and molar ar- 
eas in eq. (11). 

Surface composition calculations for different 
Pt-Ru alloy surface faces of the hep and fee 
structure at 800°C are plotted in fig. 5 together 
with experimental LEIS data. The two-phase re- 
gion in the bulk phase diagram is indicated by the 
hatched area (also see fig. 6). Ideally, minimiza- 
tion of the overall surface free energy is achieved 
by minimizing the number of broken bonds at the 
surface, implying that equilibrated surfaces should 
exhibit low-index faces (this was found, e.g. for 
polycrystalline Ag-Au alloys [351). The lowest 
number of broken bonds in an fee lattice occurs 
for a (111) surface with only 25% of the nearest 
neighbor bonds being ruptured. Thus, the best fit 
to the experimental LEIS data in the fee alloys is 
achieved by assuming a surface area correspond- 
ing to a (111) crystal face. The hep alloy with a 
very high bulk concentration of ruthenium (PtRu- 
6) exhibits a surface platinum concentration cor- 
responding to an fee bulk structure. This lattice 
mismatch, we believe, is effecting a very loosely 
packed surface, approximated by a hep (1010) 
surface (see fig. 5). The increase in molar area for 
this structure is characterized by a large fraction 
of broken surface bonds, viz. 50%. This effec- 
tively increases the difference between the molar 
surface free energies of platinum and ruthenium, 
enhancing surface segregation. 

The second-layer information we have ex- 
tracted by means of AES does point towards a 
deviation of the system from ideality, since the 
composition of the second surface layer is signifi- 
cantly different from the bulk composition, as 
shown in fig. 8. A small positive enthalpy of 
mixing would predict this behavior. We have al- 
ready mentioned the lack of thermodynamic mix- 
ing data for the platinum-ruthenium system and 
so we do not attempt to extend the model in eq. 
(11) to regular solution theory at the present 
time. To extend the equilibrium model to highly 
dispersed bimetallic clusters (see section 4.1) a 
mass balance in addition to the equilibrium equa- 
tion would be necessary. 



5. Conclusions 

4 He + LEIS indicates that sputter-cleaning of 
polycrystalline Pt-Ru bulk alloys with 0.5 keV 
Ar + ions at ca. 60° incidence does not effect any 
preferential sputtering. 

Annealing of these alloys in UHV at 800°C 
produces a strong surface segregation of plat- 
inum. Using first-layer compositions from LEIS 
data and by employing a calibration method for 
AES signals based on measurements on the con- 
tinuously sputtered alloy, we were able to extract 
second-layer compositions. These compositions 
indicated that platinum surface enrichment of 
annealed Pt-Ru alloys follows a smooth decay 
from the outermost layer to the bulk and does 
not exhibit any oscillatory behavior. 

Segregation for the annealed Pt-Ru alloys is 
described well by ideal solution thermodynamics 
with surface free energies and molar areas as 
input parameters. The best fit to the surface 
versus bulk composition curve for the alloys hav- 
ing the fee structure (> 38 at% Pt) was produced 
by using the molar area for a (111) face. The very 
strong surface segregation observed for the hep 
bulk alloy (9.5 at% Pt) is predicted by assuming a 
relatively open surface face (1010), which appears 
to be a result of the apparent mismatch of the 
bulk hep structure and the fee structure the sur- 
face planes would have if they were bulk planes. 
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